A wide array of PCR tests has been developed to aid the diagnosis of invasive aspergillosis (IA), providing technical diversity but limiting standardisation and acceptance. Methodological recommendations for testing blood samples using PCR exist, based on achieving optimal assay sensitivity to help exclude IA. Conversely, when testing more invasive samples (BAL, biopsy, CSF) emphasis is placed on confirming disease, so analytical specificity is paramount. This multicenter study examined the analytical specificity of PCR methods for detecting IA by blind testing a panel of DNA extracted from a various fungal species to explore the range of Aspergillus species that could be detected, but also potential cross reactivity with other fungal species. Positivity rates were calculated and regression analysis was performed to determine any associations between technical specifications and performance. The accuracy of Aspergillus genus specific assays was 71.8%, significantly greater (P < .0001) than assays specific for individual Aspergillus species (47.2%). For genus specific assays the most often missed species were A. lentulus (25.0%), A. versicolor (24.1%), A. terreus (16.1%), A. flavus (15.2%), A. niger (13.4%), and A. fumigatus (6.2%). There was a significant positive association between accuracy and using an Aspergillus genus PCR assay targeting the rRNA genes (P = .0011). Conversely, there was a significant association between rRNA PCR targets and false positivity (P = .0032). To conclude current Aspergillus PCR assays are better suited for detecting A. fumigatus, with inferior detection of most other Aspergillus species. The use of an Aspergillus genus specific PCR assay targeting the rRNA genes is preferential.
Introduction
The European Aspergillus PCR Initiative (EAPCRI) has provided recommendations for successfully detecting Aspergillus fumigatus DNA in whole blood, serum and plasma. [1] [2] [3] [4] Together with the MIQE guidelines, these studies provided a roadmap for establishing a standard for qPCR to aid diagnosis of invasive aspergillosis (IA). 5 In line with the relatively low incidence of IA initial EAPCRI research focused on standardising the methodology required for testing samples that permitted screening strategies to be employed. Consequently, standardization aimed at achieving optimal sensitivity, and the subsequent negative predictive value required to exclude IA. Now the focus is on testing samples necessarily obtained by more invasive procedures (e.g., broncho-alveolar lavage fluid, cerebrospinal fluid and tissue biopsy), to confirm a diagnosis of IA through optimal specificity and by employing the positive predictive value. While research specific to the sample types continues, it was also decided to concentrate on the analytical specificity of the individual PCR assays currently in use, with particular emphasis on the range of Aspergillus species that an assay can detect and potential cross-reactivity with other fungal species.
Since IA is most commonly caused by A. fumigatus, previous EAPCRI studies concentrated on this species but this may not reflect the global epidemiology of IA. 6 Aspergillus species other than A. fumigatus are increasing in clinical importance and invasive fungal disease caused by other fungal genera may require specific anti-fungal therapies. It is important that any Aspergillus PCR assay be analytically specific, capable of detecting, and possibly differentiating, a range of Aspergillus species, without cross-reacting with other moulds. Conversely, it may be necessary to account for all these opportunistic pathogens by developing panfungal assays to detect a broad range of fungi, including Aspergillus spp. To address this the EAPCRI distributed a panel of genomic DNA from a range of Aspergillus species together with other fungi to determine the analytical specificity of assays from centres using molecular assays to aid in the diagnosis of IA.
Methods

DNA source material
Conidia were harvested from a sporulating culture of each mould using a dry cotton swab. For Candida albicans a sterile 10 µl loop was used to harvest biomass from an overnight culture. All fungi were resuspended into 3 ml of sterile water containing a drop of Tween 20 to prevent clumping. A 1 ml volume of each fungal suspension was harvested by centrifugation at 10 000 g for 5 minutes. The supernatant was discarded, and biomass was exposed to mechanical disruption using the equivalent of 20 µl of ceramic beads (Roche, Burgess Hill, UK) and 30 seconds bead-beating using a mini-bead-beater (Biospec Products, Bartlesville, OK, USA). After pulse centrifugation, the beads were washed with 200 µl molecular grade water and DNA was extracted using the Qiagen EZ1 Advance XL Tissue kit (Qiagen, Hilden, Germany) as per manufacturer's instructions using an elution volume of 100 µl. The DNA was quantified in triplicate by nanophotometer (Implen P300, Geneflow, Lichfield, UK) and diluted in Tris-EDTA buffer (Sigma-Aldrich, Dorset, UK) to the desired concentration.
Panel development and composition
The panel was designed to determine the analytical specificity of each assay, namely, the capacity to detect various species of Aspergillus (true positives) plus potential cross reactivity with other fungal species (false positives). For the six Aspergillus species two concentrations of DNA were included for each species, representing strong positives (≈100 fg/µl), potentially encountered when testing respiratory specimens and weak positives (1-10 fg/µl), more typically seen when testing blood based samples. For the additional six genera strong positives (100-500 fg/µl) were incorporated to challenge the specificity of the assay and represent the scenario potentially encountered when testing respiratory samples. The panel was composed of 18 × 1.5 ml screw cap microfuge tubes containing 30 µl of each DNA extract, the contents of each tube was made anonymous to every participant.
After development the panel was quality assured by performing genus specific qPCR assays. [7] [8] [9] and Fusarium and Scedosporium PCR unpublished data. After assembly all panels were frozen at −80 • C with no freeze/thaw intervals.
The panels were distributed to 27 participating centres on dry ice for next day delivery by courier. To mimic the duration of distribution the distributing centre retained an additional panel at −80
• C until all panels had been safely delivered. All 28 participating centers were asked to confirm receipt, comment on the state of the panel (frozen or thawed) and keep specimens frozen at −80 • C until testing.
PCR amplification
Participating centers were asked to perform their current PCR assay used to detect Aspergillus species in duplicate.
Results were recorded as detected, not detected or inhibitory (as determined by local internal control PCR), with centers requested to return the quantification cycle (Cq) for positive results. In addition they were asked to provide the following technical details: PCR platform used, target gene, detection range of assay, whether an internal control PCR was performed, the DNA template input volume and final PCR reaction volume, within a designated time frame.
Statistical analysis
For analysis PCR positivity associated with DNA from Aspergillus species was considered true positivity, whereas PCR positivity associated with DNA from other fungal genera was considered false positivity. Analytical sensitivity (the proportion of true positives containing Aspergillus sp. DNA detected by the PCR assay, N = 12), analytical specificity (the proportion of potential false positives containing other fungal DNA not detected by the PCR assay, N = 6) and overall accuracy (the proportion of samples containing Aspergillus DNA detected plus the proportion of samples containing other fungal DNA not detected, N = 18) were determined by the generation of 2 × 2 tables. Individual sample positivity was calculated considering all replicates tested. To minimize the influence of process-borne false positivity when calculating analytical sensitivity, analytical specificity and accuracy of each test >50% of replicates were required to be positive before the individual sample was considered positive. Ninety-five percent confidence intervals were generated for each proportionate value and, where required, two-tailed P values (Fisher exact test; P = .05) to determine the significance of the difference between rates. 10 To determine any associations between the technical factors provided and performance linear and logistic regression analysis was performed with significance defined by a P value of .05.
Results
A total of 28 centers participated in the study returning 33 data sets (five centres returned two data sets: three centers used a combined testing strategy utilizing A. fumigatus specific and Aspergillus genus specific PCR assays, while one center evaluated a commercial Candida/Aspergillus specific PCR versus an "in-house" Aspergillus genus specific PCR assays, and one center evaluated two different inhouse Aspergillus genus specific PCR assays) comprising 54 replicates for the 18 samples. Thirty assays were performed on qPCR platforms from six different manufacturers and three assays were performed on conventional block based platforms (Table 1) . Twelve, nine, eight, and four assays targeted the 28S rRNA gene, internal transcribed sequence (ITS), 18S rRNA gene and other genes, respectively. Twenty-five assays were designed to detect the Aspergillus genus, seven were specific to A. fumigatus, and one was specific to A. fumigatus and A. terreus. Although one of the Aspergillus sp. assays and one of the A. fumigatus specific assays were performed in combination with a panfungal PCR only the front-line Aspergillus assays were included in analysis. The median DNA template input and final PCR reaction volumes were 7.5 µl (range: 1-20 µl) and 25 µl (range: 10-50 µl), respectively, and the median input/final volume ratio was 0.25 (range: 0.1-0.5) ( Table 1 ).
Sample positivity rates
At both concentrations the detection of A. fumigatus was superior, generating true positivity rates of 98.2% (53/54, 95% CI: 90.2-99.7) and 75.9 (41/54, 95% CI: 63.1-85.4) for 100 and 10 fg/µl of DNA, respectively ( Fig. 1 ). The positivity rate for A. fumigatus was significantly greater than the overall combined true positivity rates at both concentrations (100 fg/µl 226/324: 69.8%, 95% CI: 64.5-74.5; 10 fg/µl 134/324: 41.4%, 95% CI: 36.1-46.8) (P < .0001).
At the higher concentration, detection of A. lentulus was not significantly inferior to that of A. fumigatus (47/54: 87.0%, 95% CI: 75.6-93.6; P = .06), and it yielded the second highest positivity rate. The detection of all other Aspergillus species at the higher concentration was significantly less than both A. fumigatus (P < .0001) and A. lentulus (P = .0359). The lowest true positivity rate at the higher concentration was seen for the detection of A. versicolor (22/54: 40.7%, 95% CI: 28.7-54.0). At the lower concentration there was a reduction in positivity for all Aspergillus species tested ( Fig. 1 ). This was greatest for the detection of A. lentulus, where there was 68.5% reduction (P < .0001). There were also significant reductions for A. niger (33.4%, P = .0009), A. flavus (27.8%, P = .0063) and A. fumigatus (22.2%, P = .009), but not for A. versicolor (14.8%, P = .1526) and A. terreus (11.1%, P = .3356). The positivity rate for detecting the lower concentration of A. fumigatus DNA was significantly greater than that of all other species tested (P < .0052). The second highest rate at the lower concentration was associated with A. terreus (25/54: 46.3%, 95% CI: 33.7-59.4), and the lowest rate was associated with A. lentulus (10/54: 18.5%, 95% CI: 10.4-30.8).
The overall false positivity rate was 14.5% (47/324, 95% CI: 11.1-18.8) and was significantly less than the combined true positivity rate when detecting Aspergillus DNA (P < .0001). The highest rate was associated with cross reactivity with Penicillium DNA (17/54: 31.5%, 95% CI: 20.7-44.7), followed by cross reactivity with Fusarium DNA (10/54: 18.5%, 95% CI: 10.3-30.8) (Fig. 1 ).
Assay performance
The combined performance as determined by accuracy, analytical sensitivity and specificity for each individual assay is shown in Table 1 , and a breakdown of performance with respect to the individual samples is shown in Table S1 . The median accuracy was 61.1% (range: 33.3-94.4, 25% percentile: 50.0, 75% percentile: 83.3). The median analytical sensitivity was 50.0% (range: 0.0-91.7, 25% percentile: 25.0, 75% percentile: 83.3). The median analytical specificity was 100% (range: 66.7-100, 25% percentile: 83.3, 75% percentile: 100). The mean analytical sensitivity and specificity were 52.5% (208/396; 95% CI: 47.6-57.4) and 92.4% (183/198: 95% CI: 87.9-95.4). Consequently, the generation of false positive results was not as important as the generation of false negatives (P < .0001).
Overall accuracy was significantly greater (P < .0001) for the assays designed to be Aspergillus genus specific (71.8%) compared to the assays specific to individual species (47.2%) ( Table 2 ). Given the design of the panel, including six Aspergillus species, this was not unexpected and was driven by the analytical sensitivity, and the mean for the Aspergillus genus specific assays was 62.3%. For the Aspergillus genus specific assays the most regularly missed species were A. lentulus (25.0% of total false negative results), A. versicolor (24.1%), A. terreus (16.1%), A. flavus (15.2%), A. niger (13.4%), and A. fumigatus (6.2%). The mean analytical sensitivity for assays specific for individual Aspergillus species was 21.9%, significantly less than that of the Aspergillus genus specific assays (P < .0001) ( Table 2 ). However, the sensitivity when detecting the individual designated species was 72.2% (13/18: 95% CI: 49.1-87.5).
There was no significant difference (P = .1238) between the mean analytical specificity for the Aspergillus genus and individual Aspergillus species PCR assays, that were 90.7% and 97.9%, respectively.
Technical factors influencing performance
A summary of performance as influenced by individual technical variables is shown in Table 2 . Regression analysis showed there were no significant associations between accuracy and the PCR amplification platform, DNA template volume, final reaction volume, or the ratio of these two volumes (Table 3) . However, there were significant associations between accuracy and the PCR target and whether the assay was specific for the genus Aspergillus or for individual Aspergillus species (see above). For assays targeting the 18S and 28S rRNA genes (N = 20) the combined accuracy was 71.9% (259/360: 95% CI: 67.1-76.3), whereas for assays targeting the ITS region or other genes (n = 13) the combined accuracy was 56.4% (132/234: 95% CI: 50.0-62.6). Multivariate regression analysis confirmed significant positive associations of Aspergillus genus PCR targeting the 18S/28S rRNA genes with greater than average accuracy (P = .0095) and accuracy within the top 25% percentile (P = .0246).
There were also significant positive associations between analytical sensitivity and the gene targeted by PCR, the use of an Aspergillus genus PCR and using larger reaction volumes, and a positive trend with the use of larger DNA template volume (Tables 2 and 3 ). PCR assays targeting the 18S/28S rRNA genes generated a combined analytical sensitivity of 63.8% (153/240: 95% CI: 57.5-69.6) compared to 35.3% (55/156: 95% CI: 28.2-43.0) for assays targeting the ITS region or other genes.
In relation to analytical specificity there was a negative association with PCR assays targeting the 18S/28S rRNA genes (Table 3) , driven by assays targeting the 18S rRNA gene (Table 2 ). For the eight assays targeting the 18S rRNA the combined analytical specificity was 83.3% (40/48: 95% CI: 70.4-91.3) compared to 95.8% (143/150: 95% CI: 90.7-97.7) for the 25 assays targeting other regions (P = .0818).
Multivariate analysis showed that an Aspergillus genus PCR targeting the 18S/28S rRNA genes provided greater than average sensitivity (P = .0011), with sensitivity in the top 25% percentile (P = .0001). However, using an Aspergillus genus PCR targeting the 18S/28S rRNA genes had significant associations with below average specificity (P = .0067). 
Discussion
Predictably, when assessing the detection range of Aspergillus PCR methods, the highest rates of detection were seen for A. fumigatus (Fig. 1) . Interestingly, the detection of A. fumigatus and the former cryptic species A. lentulus was comparable at the higher DNA concentration, but at the lower concentration of DNA A. lentulus detection achieved the lowest of the six species tested. 11 Comparison of the Cq values showed that despite A. lentulus recording the highest (latest) mean Cq value, at the higher DNA concentration 4.4 cycles after A. fumigatus, it was the only species to generate a positivity rate that was not significantly inferior to A. fumigatus. The DNA concentrations for all species were confirmed by testing multiple replicates, indeed for A. lentulus this was performed by two centres, so dilution errors are highly unlikely. Given the genome sizes for Aspergillus species range from approximately 2-4 × 10 7 bp, then differences in the number of genomes per DNA dilution cannot explain the differences in Cq, which equate to >1 log 10 . One explanation is that the rRNA copy number per A. fumigatus genome can vary by approximately 1 log 10 . 12 If this applies to A. lentulus, then it is possible that the strain used in this study possessed a very low copy number, so when diluted to the lower concentration the resultant Cq values reflected this and were in the nonreproducible range of real-time PCR detection (>39 cycles), with the affect enhanced if oligonucleotide mismatches with A. lentulus were evident. At the higher DNA concentration the detection of A. lentulus was significantly greater than the other non-fumigatus species and probably reflects the sequence similarity between A. fumigatus and A. lentulus and the fact that most Aspergillus PCR assays will be primarily designed and optimized for the detection of A. fumigatus. Aspergillus terreus was also regularly missed, which will present a challenge to those centers that have a high incidence of IA due to this organism. It would likely be beneficial if Aspergillus PCR assays possessed the ability to detect but also differentiate infections caused by A. terreus, which is potentially resistant to polyenes and requires alternative antifungal therapies. a When determining associations with accuracy and sensitivity the performance of the Rotorgene qPCR platforms (the platform with the highest accuracy and sensitivity ( Table 2) ) was compared to the other platforms. For specificity the performance of the ABI qPCR platforms (the platform with the lowest specificity ( Table 2) ) was compared to the other qPCR platforms. b When determining associations with all the performance parameters PCR assays targeting the rRNA genes (the gene targets with highest accuracy/sensitivity but lowest specificity (Table 2) ) were compared to other gene targets. c When determining associations with all the performance parameters Asergillus genus specific PCR assays (the assays with the highest accuracy and sensitivity (Table 2) ) were compared to the PCR assays specific to individual species. d NA: not applicable. As a result of perfect predictor model where all non-Aspergillus genus specific PCR assays were associated with below average accuracy and sensitivity the regression coefficient values are not accurate and the analysis has been replaced with a Fisher exact P value determined for odds ratio. e When determining associations with all the performance parameters volumes that were greater than the designated median value were compared with volumes equal to, or lesser than the median value. Figure 2 . Neighbour-joining tree generated from a nucleotide alignment (clustal, http://www.ebi.ac.uk/Tools/msa/) of ITS regions from the fungi used in this study. ITS sequences were selected by searching the NCBI nucleotide database using the species name and selecting sequences that spanned the ITS1, 5S, and ITS2 regions. The groupings indicate that any pan-Aspergillus PCR assay targeting the ITS region could potentially cross-react with members of the genus Penicillium, as illustrated by the three representative species.
There was a cost associated with targeting multiple species as these assays were prone to false positives, particularly if the 18S rRNA gene is targeted. DNA from Penicillium spp. and Fusarium spp. were also frequently detected (Fig. 1 ). These were strong positive results with mean Cq values of 35.7 and 31.2, respectively. While Fusarium and Aspergillus spp. should be easily differentiated at the genetic level, in this study most cross reactivity with Fusarium spp. was associated with assays targeting the 18S or 28S rRNA genes. While regions within these genes are genetically distinct large sequences are conserved across fungi, and even eukaryotes, where inappropriate oligonucleotide sequence selection can result in false positivity, including cross reactivity with human DNA. 13 Obviously, this problem applies equally to Penicillium sp. but is further compounded by sequence similarities across the ITS regions (Fig. 2) . This indicates that there is a need to design assays to deal with the problem of analytical specificity. There is a clear choice to be made in PCR-based diagnosis of IA, either target specific fungi or employ a panfungal assay.
It is a logical aim for diagnostic centres to try to develop a truly pan-Aspergillus PCR assay and overcome the variations in performance seen in this study. However, the genus Aspergillus is a large taxonomic group and under dual naming contained at least eight telemorph genera including Neosartorya (A. fumigatus), Petromyces (A. flavus), and Emericella (A. nidulans). 14, 15 The "one species one name" system masks this diversity. 16, 17 An analysis of the internal transcribed spacer (ITS) regions of the fungi used in this study illustrates the issue of heterogeneity in Aspergillus, showing that Aspergillus spp. do not group as a single coherent cluster (Fig. 2) . For example, A. versicolor groups more closely with the other fungi and A. flavus more closely with the representative Penicillium spp. Although the ITS regions can be used to identify fungal species to a high degree of accuracy allowing fungal barcoding, the qPCR assays used for rapid detection of IA can only focus on short sequences thereby reducing specificity compared to sequencing and resultant cross-reactivity with, in particular, the genus Penicillium.
18
Panfungal assays that combine PCR amplification and sequencing are a potential solution but the time required for sequencing would delay diagnosis which could postpone initiation of effective treatment, thereby increasing patient mortality. 19 Panfungal assays can lack sensitivity, particularly if more than one fungal species is present in a specimen (e.g., from the respiratory tract) when fungal colonisation is present. Rapid Aspergillus qPCR diagnosis requires careful assay design and needs to be targeted to a limited range of closely-related species or a single species, alternatively it may necessary to accept cross-reactivity with other species (e.g., Penicillium spp.) when using broad range pan-Aspergillus PCR. Indeed, in this study the generation of false positives through cross-reactivity was less evident than false negativity when detecting the lower, still clinically relevant, concentrations of Aspergillus DNA. Given the design of the panel including a range of Aspergillus species assays designed to only detect A. fumigatus were unlikely to perform optimally, but this remains a clinical limitation of this type of assay. Subsequently, the accuracy of the Aspergillus genus specific assays was significantly greater than those aimed at individual species, and this was driven by the greater detection range (analytical sensitivity) of the genus specific assays. There were positive associations between analytical sensitivity and Aspergillus genus PCR assays targeting the ribosomal RNA genes, likely as a result of the multi-copy nature of these genes. Although there was a trend for assays targeting the 18S rRNA to be associated with false positivity excluding it from the model removed the positive association between targeting the rRNA genes and sensitivity. Consequently, it was retained as the positive association with sensitivity outweighed the negative association with specificity, benefitting overall assay accuracy.
Limitations of the study include the absence of no template controls, lacking any genomic DNA, to monitor for environmental contamination entering during the molecular process. In this study it would not be possible to differentiate this from potential cross reactivity with DNA from non-Aspergillus genera. However, given this study only required PCR amplification to be performed the opportunity for environmental contamination was limited. Furthermore, the previous studies of the EAPCRI did contain no template controls and monitored the entire molecular process; consequently, specificity values from these studies are more indicative of environmental false positivity. 1, 3, 20 A further limitation is that inter-laboratory variance associated with nucleic acid extraction was not investigated, and it was assumed that extraction from different species would be equally efficient across platforms. However, the focus of this investigation was on the accuracy of PCR amplification and it was decided that removal of the extraction variable was beneficial to achieving this goal.
In conclusion, current Aspergillus PCR assays are better suited to detecting A. fumigatus with detection of most other Aspergillus species appearing markedly inferior. From a clinical perspective the reduction in detection rates for non-fumigatus Aspergillus species is concerning, particularly in areas where the rates of infection by non-fumigatus species predominate (e.g., A. terreus in Tyrol, Austria) and assays optimized for the detection of A. fumigatus could lead to false negative results. 21 Conversely, false positives derived through cross reactivity with non-Aspergillus species can occur, although in this study high DNA burdens were selected to stringently test analytical specificity. It should also be considered that for low incidence diseases, such as IA, screening strategies utilising high sensitivity are optimal and false negatives become more problematic when excluding disease. However, from a diagnostic perspective PCR positivity should not be the sole driver for therapy, and positivity should be considered in the clinical context with reference to supporting radiological and mycological evidence. The use of Aspergillus genus-specific PCR assays targeting the rRNA genes are preferred to species-specific assays, although the development of genus-specific assays may be compromised by the genetic diversity within the genus Aspergillus.
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